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Recent studies have indicated that some endocytic
proteins are also involved in direct signaling pathways
from membranes into the nucleus. These results
suggest that endocytic and signaling machineries are
more intimately connected than previously thought.
The activation signals emitted by activated growth
factor receptors, such as the epidermal growth factor
receptor (EGFR), are finely regulated by complex traf-
ficking within the endocytic pathway. In currently
accepted models, downregulation of the activation
signal is achieved by the internalization of the activated
receptors and their degradation within the late endo-
some/lysosome compartment. This process requires
two sorting steps controlled by two different clathrin-
dependent machineries: ligand-induced internalization
from the plasma membrane through clathrin-coated
pits and vesicles (CCPs and CCVs); and ubiquitination-
dependent delivery into internal endosomal vesicles
through clathrin coats  that are dependent on Hrs, an
endosome-associated, ubiquitin-binding protein (rev-
iewed in [1]). Additionally, recent studies have indicated
that the endocytic and signaling machineries do not
exist independent of one another. Rather, activation
cascades appear to be able to modulate the endocytic
machinery, as the latter may be directly involved in sig-
naling functions (see below and Figure 1). New findings
reported recently by Miaczynska and colleagues [2]
have now provided evidence that an endosomal com-
partment acts as an intermediate in signaling between
the plasma membrane and the nucleus.
The possibility that activated receptors organize their
own endocytosis has been suggested as an extension
of ‘receptorocentric’ models for the assembly of signal-
ing cascades (in which the receptor is viewed as the
organizing center). The direct binding of activated
EGFR to the plasma-membrane-associated clathrin
adaptor AP-2 [3] indeed suggested that activated
receptors may drive the assembly of CCPs. However,
recent evidence showing that activated G-protein-
coupled receptors are targeted to pre-existing CCPs
seem to have challenged the universality of this model
[4,5]. Nonetheless, it appears that the EGFR is effec-
tively able to activate its own internalization. The
recruitment of activated EGFR to CCPs seems to be
controlled by the tyrosine phosphorylation of Eps15, a
protein involved in CCP formation [6], and internaliza-
tion appears to be regulated by phosphorylation of
clathrin itself [7]. Following endocytosis, the function of
Hrs in the endosomal sorting of ubiquitinated EGFR for
degradation is also modulated by its phosphorylation
on tyrosine residues [8]. Interestingly, Eps15 and Hrs,
as well as the CCP-associated protein epsin, are mono-
ubiquitinated in response to EGF. The true function of
these ubiquitination events is still not known, although
all of these proteins also contain ubiquitin interaction
motifs that are involved in the sorting of ubiquitinated
EGFR and it is tempting to speculate that their ubiquiti-
nation regulates their sorting functions (reviewed in [9]).
The activated EGFR also controls its progression
through endosomal compartments through effects on
Rab5. This small GTPase plays a central role in the
formation and dynamics of the so-called early/sorting
endosomes by regulating CCV formation, the fusion of
endocytic vesicles, and their movements along micro-
tubules (reviewed in [10]). Several studies have estab-
lished that the activated EGFR modulates the GTPase
activity of Rab5 [11] by targeting either GTPase acti-
vating proteins (GAPs), such as RN-Tre [12], or GTP
exchange factors (GEFs), such as RIN1 [13]. The acti-
vation of Rab5 through EGFR and RIN1 stimulates
both the internalization and degradation of activated
EGFR [11,13], as also occurs upon expression of con-
stitutively active mutants of Rab5.
Thus, it appears that the activated EGFR tightly con-
trols its overall endocytic process by modulating the
activity of the endocytic machinery. Is the inverse also
true — do endocytic proteins control or participate in
signaling events? The first strong evidence for such
roles was provided by the recent findings showing that
the CCP-associated proteins epsin, Eps15 and β-
arrestin2 undergo constitutive nucleocytoplasmic shut-
tling [14–17]. These data have suggested a possible
role for these proteins in direct signaling pathway(s)
between endocytic membranes and the nucleus.
Despite a detailed characterization of their nucleocy-
toplasmic trafficking and the identification of putative
nuclear partners, the potential functions of these endo-
cytic proteins within the nucleus remain poorly under-
stood. Additionally, the ways in which those putative
nuclear signals could be regulated are not currently
clear (reviewed in [18]).
In a very recent study, Marino Zerial and colleagues
[2] have identified new partners for Rab5 as the APPL
proteins, for which cycling between endocytic mem-
branes and the nucleus, as well as putative nuclear
functions, were more clearly elucidated. APPL1 and
APPL2 bind to the active GTP-bound form of Rab5 and
label an apparently new population of peripheral endo-
somes in which a proportion of the internalized EGFR is
targeted. Prolonged EGF treatment caused a transient
dissociation of APPLs from membranes and transloca-
tion to the nucleus. This event appears to be under the
control of the GTP/GDP bound state of Rab5, as GTP
hydrolysis or expression of GDP-bound Rab5 released
APPL into the cytosol. Interestingly, as mentioned
above, the activated EGFR recruits the Rab5 GAP 
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RN-Tre and, as expected, APPLs were also released
from endocytic membranes upon overexpression of
RN-Tre. The nuclear partners of APPL proteins were
identified as members of the nucleosome remodeling
and histone deacetylase complex NuRD/MeCP1, sug-
gesting a role for APPLs in transcriptional regulation.
Indeed, decreased expression of APPLs by the use of
small interfering RNA dramatically reduces DNA syn-
thesis and cell growth.
This study provides very important clues to better
understand what could be the general scheme of
nuclear signaling by endocytic proteins (Figure 1). As is
often the case with interesting findings, however, some
exciting points remain to be elucidated in order to
better understand APPL functions. What are the precise
functions of APPLs in endocytosis? It would be inter-
esting to know if APPL proteins are directly involved in
the biogenesis of the endosomal compartment they are
decorating and if they are also involved in the sorting of
activated EGFR toward these endosomes, as sug-
gested by the presence of a phospho-tyrosine binding
domain in their carboxyl terminus. On the nuclear side,
the mechanisms involved in the EGF-regulated nuclear
translocation of APPLs still need to be identified. Due to
their size (670–700 amino acids), it is unlikely that
APPLs passively diffuse through nuclear pores.
However, if active shuttling signals are responsible for
their transport, these signals are likely to be tightly reg-
ulated, resulting in only transient nuclear accumulation
and rapid re-export of APPLs to the cytosol.
In conclusion, it appears that endocytic proteins, as
well as many other proteins from plasma-membrane-
associated structures (reviewed in [18]), are able to
shuttle in and out of the nucleus where they are
believed to regulate gene expression. The specific
advantages of these additional pathway(s), which
appear to be redundant with the classical signaling
pathways, remain to be understood. One attractive
possibility is that these shuttling proteins are involved
in the regulation of a limited and specific set of genes
implicated in a particular process, for example in this
instance in CCP or endosome formation. This hypoth-
esis is strengthened by the very interesting observation
that transcription of dynamin, a GTPase required for
CCV formation, is upregulated when clathrin-depen-
dent endocytosis is inhibited [19], suggesting that such
a direct link may exist. In this context, the NuRD
complex, which binds to APPL in the nucleus, has
been involved in gene repression rather than activation
[20]. An intriguing possibility is that APPLs may repress
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Figure 1. Nucleocytoplasmic shuttling of endocytic proteins. 
Activation of the EGFR by EGF induces its efficient internalization through CCPs/CCVs. This step is regulated by tyrosine phosphoryla-
tion of Eps15 and of clathrin. After internalization, activated EGFRs are delivered to early endosomes where they are sorted to internal
endosomal vesicles for degradation through Hrs-dependent clathrin coats and to APPL-labeled endosomes. The overall endosomal traf-
ficking (CCV formation, endosomal fusion) is controlled by Rab5 activity. Rab5, in turn, is regulated by the EGFR through EGFR-medi-
ated recruitment of the Rab5 GEF (Rin1) and GAP (Rn-TRE). Proteins from CCPs (epsin, Eps15) and from endosomes (APPLs) undergo
nucleocytoplasmic shuttling. In the case of epsin and Eps15, the mechanisms regulating their import are not known but their export is
known to be mediated by the classical CRM1-mediated pathway. For APPL, its nucleocytoplasmic shuttling is controlled by EGFR and
Rab5 through uncharacterized mechanisms. Known nuclear partners and functions for epsin, Eps15 and APPL are indicated. CCP/CCV,
clathrin-coated pits/vesicles; NES, nuclear export signal; Ub, ubiquitin; Tf, transferrin (a non-degraded recycling cargo).
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the expression of specific target genes that are yet to
be identified.
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